I. TASK DESCRIPTION
This report presents research to develop an entirely new, fundamentally different class of fuel cell using a solid electrolyte that transports carbon ions. This new class of fuel cell would use solid carbon dissolved in molten metal as a fuel reservoir and anode. Expensive gaseous or liquid fuel would not be required.
A high temperature fuel cell based on a carbon ion membrane/electrolyte would operate in a manner reminiscent of yttria-doped zirconia solid oxide fuel cells. Unlike zirconia, which transports oxygen ions from the atmosphere to the gas to be oxidized, however, the carbon ion electrolyte fuel cell would transport the carbon in ionic from a fuel source to the oxygen gas present in the atmosphere. Such carbon-ion fuel cells, operating at temperatures-above 1000 Cy would produce an exhaust gas that could be fed directly into existing boilers, and could thus act as "topping cycles" to existing power plant steam cycles. Thermodynamic factors favor a carbon-ion fuel cell over other fuel cell designs. A combination of enthalpy, entropy and Gibbs free energy values makes the reaction of solid carbon and oxygen one of remarkable high efficiency. The entropy change in the reaction allows this efficiency to slightly increase at high temperatures, unlike gas-fed fuel cell designs that decrease in efficiency with ternperat~re.~ In addition to its potential for high efficiency in a single step of energy to electricity conversion inside the fuel cell, the high temperature exhaust of the carbon-ion fuel cell could make the cell useful as a "topping cycle," to be followed by conventional steam turbine systems. This two step system could be economically viable at cell efficiencies as low as 15%. 6 High temperature operation can be seen to have dual advantages. First, solid electrolytes inherently reach higher levels of ionic conductivity as the temperature increases to just below their melting point. Second, elevated operation allows the exhaust gas of the carbon-ion fuel cell to exit with enough temperature to feed a "bottoming Carnot cycle" placed downstream of the fuel cell so that total combined efficiency of the fuel cellhurbine combination is increased. Only highly refractory materials like the rare-earth carbides have melting temperatures that allow operation at these elevated levels. Group By Class 1 carbides yield acetylene upon hydrolysis with water, and contain the well known calcium carbide along with SrC2 and BaC2. Group B Class 1 carbides are thought to contain C-C -2 ions that are cigar like in shape. 9
Class 2 carbides are those from the elements from La to Lu. Class 2 carbides form three types of crystal structures, some of which are similar to those of Class 1, but Class 2 carbides have mixed and varying characteristics that are temperature dependent. 10 For example, room temperature hydrolysis with water of Lac2 or CeC2 yield a mixture of acetylene, methane and other hydrocarbons, but when the temperature is increased to 200 Centigrade, no acetylene is produced and the product is primarily methane.
The crystal structures of many carbides may be favorable for good ionic conduction.
Compounds with atomic crystal structures analogous to the known ionic conductor calcium fluorite exist in the carbides but have not been studied as electrolytes, probably due to a traditional assumption that carbon forms only covalent bonds without any exceptions.
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The economic consequences of a carbon-ion fuel cell would be extremely valuable, particularly in the USA with its large reserves of coal. A carbon-ion fuel cell could be fueled directly from either solid un-gasified coal, coke, or petroleum coke.
The environmental benefits of a carbon-ion fuel cell would be substantial. With the electrolyte in the cell inherently designed for passing only carbon-ions, emissions from the cell of SO2, NOx and particulates would be near zero. Conventional solid oxide fuel cells pass oxygen ions and can form these unwanted pollutants. As the anode of a carbon-ion fuel cell would consist of a molten metal such as iron, impurities in the solid fuel fed to the cell could -be trapped in slag formed in the molten metal in a manner similar to those employed in steel furnaces. This slagging prior to reaction is a feature unique to the carbon-ion fuel cell design and is somewhat analogous to the advantage fluidized bed combustion with limestone has over conventional combustion.
-~ -With this overview, we now discuss the thermodynamics of such carbon-ion fuel cells.
A Review of Carbon-Ion Fuel Cell Thermodynamic Efficiency
It has long been recognized that producing electricity chemically in fuel cells has thermodynamic advantages over producing electricity with the cycles traditionally used that rely on combustion-working fluid-turbine-generator combinations. To contrast the fuel cell to these cycle combinations, the first step is the familiar Carnot equation which limits conventional power cycles to a maximum permitted efficiency of (T2-T1)/T2 , where T1 is the low temperature reservoir ( air or water outside the plant ) into which the plant exhausts it's heat, and T2 the high temperature reservoir (a working fluid heated by fuel combustion) from which the turbine obtains energy. In the best modern power plants T1 is typically 31 1 Kelvin (100 Fahrenheit) and T2 is 922 K (1200 Fahrenheit). The maximum theoretical efficiency is therefore about 66%. In reality, heat losses, friction and pollution controls reduce this maximum permitted efficiency to an actual efficiency of approximately 39% in today's best coal fired plants. Incremental improvements may increase this to 45% in a decade.
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The theoretical maximum efficiency of a fuel cell is given by AG/AH, where AG is the change in Gibbs free energy of the chemical reaction in the cell, and AH is the change in enthalpy of the chemical reaction in the cell. Table 1 In addition to converting the chemical energy contained in the reactants to free energy in the form of electricity, such reactions theoretically would absorb additional heat from the surroundings and convert this heat to additional electrical energy so long as the heat could be supplied." 4
In other words, the small amount of efficiency over 100% is not coming directly from inside the fuel cell but is the result of heat transferred from the environment that surrounds the fuel cell system. This heat transfer is due to entropy change between reactants and products in solid carbon oxidation.
One should not dwell upon this high numerical value as extraordinary, except to point out that a carbon-ion fuel cell that was only "utilizing" 33% of its theoretical maximum potential at a practical operating temperature of 1000 Kelvin would still be 33% efficient, whereas a hydrogen / oxygen fuel cell operating at 1000 Kelvin would only be .33 x 79.9% = 26% efficient. (refer back to Table 1 , column of values @ 1000K) Even more disadvantaged would be a carbon monoxide/oxygen fuel cell where the efficiency would drop to .33 x 69.33% = 23%.
If one were given a supply of carbon as a base stock to run a fuel cell, it is today possible to react the carbon with steam in the ''water gas" reaction and run an "off the shelf fuel cell on the resultant hydrogen and carbon monoxide. However, the above numbers indicate that it would be far more thermodynamically efficient to have a carbon-ion fueEel1 to directly consume the solid carbon. efficiency for real operating conditions. 1
As shown above, the carbon oxidation reaction is less sensitive to increases in temperature.
This has an important beneficial effect on the electrolyte used in the fuel cell. As the ionic conductivity of electrolytes generally increase with temperature, a benefit of this temperature tolerance should be to increase the number and types of materials having usable values of ionic conductivity. Atomic crystal structures that have had too low an ionic conductivity to be recognized as useful ionic conductors between the 100-600 C (221-1 112 Fahrenheit), where previous cells have operated, have the potential for operation of a carbon-ion fuel cell at 1500 C.
A further theoretical point concerning carbon is that at a ionic valence of -4, it has a charge carrying advantage over hydrogen whose ionic valence is +l. When passing through a electrolyte, only 1/4 the number of -4 carbon ions need to diffuse across the electrolyte to carry the same current as do +1 hydrogen ions. Compared to carbon monoxide or oxygen ions, only 112 the number of carbon ions need to cross the electrolyte as do ions that have a valence of + or -2.
The efficiency possible with a carbon fuel cell can lead to lower cost electricity. A second environmental point to be made is that this same intrinsic efficiency leads to less production of C02
for each kilowatt-hour produced. While the question of C02 emissions into the atmosphere and global warming is still v e 6 uncertain, it is prudent to investigate methods that make the best use of each molecule of C02.
-A directly analogous fuel cell could be constructed using a carbon-ion electrolyte rather than a oxygen-ion electrolyte. The carbon-ion electrolyte fuel cell would have the advantage that the -carbon dioxide gas product would not be mixing with the super-heated carbon vapor used as fuel in the quartz ionization chamber. With discussion of the thermodynamics of carbon-ion fuel cells, we now review the crystallographic requirements needed by potential carbon-ion electrolyte membranes.
A Review of Electrolyte Crystal Structures
The critical element in an investigation of carbon-ion superionic conductors is clearly first to identify and then improve solid electrolytes in which carbon ions are mobile. Any candidate carbon ion electrolyte must also have low electronic conductivity and must be inert to unwanted chemical reactions involving the other materials that would make up the fuel cell, such as: the molten metal anode, the cathode material and impurities in the fuel.
The ideal material for the transport of carbon ions must exhibit ionic conductivity's greater than approximately 0.1 ohm-'centimeter-' and electronic conductivity's less than ohm-1centimeter-1.16 These two characteristics are tied to the crystal structure and bonding in the carbide. While past research on carbides has not explored the ionic conductivity to the extent which compounds containing oxygen, fluorine, or sodium ions have been studied, past carbide research is valuable in pointing out which carbon compounds, such as Sic, are good electronic conductors. S i c is used as a heating element in many furnaces. Zirconium Oxide (Zr02), has a good combination of high ionic conductivity and low electronic conductivity for application with oxygen ions. l7 Zr02 has the same crystal structure above 2000C as fluorite ( CaF2 ) and can be "stabilized" so as to hold this crystal structure at lower temperatures by the process of controlled contamination with another element termed "doping". Properly doped ZrO2 has been termed a "superionic" conductor. However, the use of Zirconium can not be immediately transferred to carbides. ZrC does not have the fluorite crystal structure. Even more troublesome is the fact that ZrC is a rnokStely good electronic conductor at 8300 ohm-' ern-'. Electronic conductivity in a solid electrolyte wouid short-circuit the fuel cell or battery it was used in. Some carbides do have low electronic conductivity. CaC2 has an electronic conductivity of 0.0017 ohm-' -centimeter-1, but not the fluorite structure.
Chemically, the fluorite structure has the formula RX2 where R is a cation and X is an anion and the ionic radii of R is greater than 0.73 times that of the ionic radius of X. AIuminum carbide, U C 3 , is also an interesting candidate for carbon-ion conduction. In aluminum carbide, carbon has two distinct positions. As stated by Wells 7 , "The structure ... is rather more complex ... It is sufficient to note that each carbon atom is surrounded by A I atoms at distances from 1.90 to 2.22 angstroms, the shortest C-C distance being 3.16 A. As in Be2C therefore, there are discrete C atoms, accounting for the hydrolysis to CU." Figure 1 .40,
reproduced from Wycoff 14 is a depiction of the aluminum carbide structure. Note that the distinct carbon atoms in,the center of the drawing constitute a "layer" along which anion conduction might occur.
Aluminum-earbide and beryllium carbide have distinct carbon-ions in their crystal structure at room temperature. At high temperature, the lanthanide carbides have the fluorite crystal structure well known for anion conduction, and may also have distinct carbon-ions in their structure. Based on these considerations, our experimental proceedures to develop a solid carbon ion electrolyte have focused on rare earth carbides, especially cerium carbide, and the carbides of aluminum and beryllium.
. . 
Experimental Procedures
The sequence of laboratory research procedures necessary to develop a solid carbon-ion electrolyte and to determine the ionic conductivity of carbon-ions in this electrolyte can be broken down into the following series of steps:
1. Launch an exhaustive and continuing literature search for all relevant past research on carbides, crystal structures of carbides, carbon diffusivity in carbides and basic thermodynamic qualities of carbides.
2.
Procure materials and equipment for the production and analysis of carbides. In tracer diffusion, the electrolyte is coated or brought into contact with an element that can be readily detected by some analytical means. The electrolyte is then annealed at the operating temperature of interest. After annealing, the electrolyte is analyzed for the amount of the tracer along its dimensions in either a continuous or sectional manner.
In this research it was originally proposed that an electrochemical cell be used to test each potential carbide electrolyte at 1500 C using conventional four probe contact measurements and varying frequency alternating current. 25 As the research proceeded, it was determined that tracer diffusion would be a simpler, more versatile, and less costly technique.
The tracer diffusion method adopted is as follows: Coat the carbide shape on one surface with a layer of a carbon isotope suitable for use as a tracer. The carbon isotopes most used as tracers in other research efforts have been Carbon-13 and Carbon-14. Carbon-13 has the advantage that it is stable, non-radioactive and closest in mass to Carbon-12. Carbon-14 has potential advantages in that it can make use of the wide range of "radioactive carbon dating" technology that has been developed in anthropology. It obvious principle disadvantage is its radioactivity, which precludes its use in many instruments that must not be contaminated with radioactivity.
In this research Chbon-13 will be used as the tracer. Carbon-13 was selected due to its non-radioactive advantages and its closeness in mass to the natural carbon that would actually be used in fuel cell operation. In addition, many of the specific scientific instruments n z d e d to conduct the research are located in facilities that prohibit the use of even minute amounts of 7. Anneal the carbon coated electrolyte pellet in a environment controlled for temperature, atmosphere and time. The annealing process be allow the carbon isotope tracer to diffuse into the carbide to a depth that can be accurately measured. Here we also assume that the diffusion co-efficient of Carbon-12 would be similar, or of approximately the same magnitude, as that of Carbon-13.
SIMS is one method of analyzing this carbon concentration.
Another possible method would be to slice thin layers from the pellet and spectrographically analyze each layer. In this research SIMS will be the method used to determine the carbon \ diffusion characteristics. surface of a carbide pellet. Another possible binder for the production of a sputter target would be petroleum tar, which is widely used in the commercial production of carbon rods and carbon molds.
In fabricating carbide pellets, several precautions are in order. All the carbides will react with water to form a mixed gaseous product of methane, acetylene, and higher hydrocarbons.
Therefore, any water vapor present, such as that in the starting materials, the glass of containers, the atmospheres of glove boxes, in dies, absorbed in crucible materials, or in relatively minute concentrations in whatever inert gas is chosen for the atmosphere in an annealing furnace, will degrade the product. A common failure mode is the formation of internal gas pockets of sufficient pressure to lead to disintegration of the desired geometric shape.
With this overview of the experimental proceedures to be followed, the following section presents a summary of the work that has been carried out.
Laboratory Experiments Carried Out To Date
Laboratory experiments carried out to date in the field of carbon-ion solid electrolytes have been such that they can be roughly classified into seven different categories:
Formation of Pressed and Sintered Carbide Pellets.
Approximately twenty attempts have been made to press and sinter cerium carbide, lanthanum carbide or aluminum carbide. The powders used have varied from irregular lumps of less than 2mm to finely ground minus 325 mesh material which was ball milled in an inert atmosphere of argon inside a glove box. Binders of sucrose, glucose, benzene and Rohm &Haas BE7-MEK (a methyl ethyl ketone solvent binder that totally evaporates at 400C) have been tried.
\
Pressing has been under a 32 Ton capacity hydraulic press in hardened steel dies of 0.5 and 0.9 inch diameter. Dies have been bought commercially and built in the machine shop. An electric surround heater was purchased for the dies capable of 500C, and pressing has been attempted cold, heated prior to pressing and heated after pressurizing. Pressures up to 10,000 atmospheres have been achieved, although failure of dies due to inelastic compressive strain of the piston has occurred more than once.
Despite all of the above described efforts, no successful pellets have been produced. All pellets have had such weak pre-sintered strength that they cracked during dismounting from the die, or while sintering in the argon atmosphere annealing furnace. It is the opinion of the investigator that the correct binder for the carbides has not been found.
However, as discussed the the following two sections, success has been achieved in forming solid carbide samples by means of casting ingots in an arc melt furnace. As discussed in Section Six, these are the materials that have been used for the x-ray evaluations carried out at the High Temperature Materials Laboratory at Oak Ridge National Laboratories.
-
Formation of Melted Carbide Castings.
Small circular castings of aluminum, lanthanum, cerium, zirconium, titanium, calcium and barium carbide have been successfully made in the arc melt furnace. Although operation of the arc melt furnace is somewhat of an art ( and an art that requires extensive practice), it has been found that by starting with very low argon gas pressures and low electric arc currents, castings can be made directly from fine powders of the carbides.
Synthesis of Carbides Directly in the Arc Melt
Furnace.
After learning to make castings from the powders of cerium carbide and lanthanum carbide on a trial basis, it was decided to use the arc melt furnace to synthesize carbides directly from the elemental metal and carbon. These experiments were in the main successful. Aluminum carbide was successfully made, but later x-ray diffraction revealed it to have substantial elemental aluminum and graphite as major contaminants. Cerium and lanthanum carbides have been made, but x-ray diffraction revealed that the products were a mixture of the carbides Ce2C3/CeC2 and
. ,.-La2C3LLaC2, rather than solely the dicarbide that was desired. An experiment in which elemental lanthanum was reacted with 99.9% pure carbon-13 resulted in almost exactly the opposite of the desired result: A relatively pure La2C3 with almost no Lac2 was made and confirmed by x-ray diffraction.
Formation of Pressed and Sintered Carbon Sputter Targets.
The standard one inch sputter target is a metal (usually copper, tungsten, tantalum or stainless steel) disk 1.00 inch in diameter and 0.250 inches thick that has a hollowed-out center cavity that is 0.900 inches in diameter and 0.125. Into this cavity is inserted a material for sputtering. The material is bonded in place by soldering or shrink fitting. For the purposes of sputter coating a carbon layer onto carbides, a standard carbon one inch sputter target has been purchased from a commercial supplier. Attempts to have a commercial supplier build a carbon-13 isotope sputter target have been unsuccessful as of this date. Sixteen different suppliers have been contacted, but all have refused to even quote the job. Commercial carbon sputter targets are made by machining on a lathe a graphite rod down to the required dimensions. As no pre-made carbon rods of carbon-13 are available, suppliers have been reluctant to take on the "one-off' order.
Attempts have been made by the investigator to make a carbon-13 sputter target by pressing and sintering. These attempts have been considered practice and have been made with natural carbon, rather than expensive carbon-13 itself. After receiving valuable advice and a proprietary tar binder from Great Lakes Carbon Incorporated in Morganton NC, a natural carbon material target was made using 20% by weight petroleum tar binder. This -practice target appears had sufficient strength.
It should be noted that 80% of the natural carbon contained in the tar binder prior to sintering remains in the sputter target after sintering. Therefore 80% of 20% of the original weight of the target body will be natural carbon from the binder. If the sputter target is, for example, 0.8 grams of 99.9% carbon-13 isotope and 0.2 grams of tar binder, then the final weight will be 0.8 + To date approximately 5 attempts have been made to fabricate a sputter target with a carbon powder that analyses 99% Carbon-13. As of this date, targets can now be routinely produced up to the green pressed stage of fabrication. These green pressed targets are dense and have smooth outer surfaces, as a good target needs.
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A major advance has been the addition of approximately 5% by weight carbon fibers to the carbon powder prior to pressing. These carbon fibers re-inforce the pressed material in a manner similar to the re-inforcement that steel "re-bar" adds to poured concrete. The carbon fibers are of natural carbon composition however. (98.9% Carbon-12 and 1.1 % Carbon-13)
Another advance has been the use of acetone as a dispersant for the petroleum tar binder.
The acetone is added to the mixture of carbon-13 powder, carbon fibers and petroleum tar after these three items have been weighed and mixed. The acetone is then allowed to disperse the tar evenly over the surface area of the carbon-13 powder and the fibers. The acetone is then removed by vacuum distillation prior to pressing. It has been found that complete removal of the acetone is crucial, as this volatile liquid will out-gas during sintering and fragment the pressed target.
Differential Thermal Analysis Detection of Carbide Transition
Temperatures. temperature did not appear to be lowered or raised in a statistically significant manner when the carbides were doped at 8 mole % with Ba, Ca, Ti and Zr carbides, or with 10 mole% ZrN.
The peaks shown at the transition point in DTA were small, and did not always appear again (with the expected temperature change hysterisis) upon cooling. However, high temperature x-ray diffraction later confirmed (see below) both that the transition temperature is in the range of 1100-1300 C, and that the doping of these carbides did not change the transition temperatures measurably. It may possible to use DTA to measure changes in transition temperature if:
1. Larger samples weights are used to lesson the effect of surface oxidation and to increase the magnitude of the transition energy peak to well above the resolution of the DTA machine's capability.
2.
Optimum heating and cooling rates are found that are suited to the carbides.
X-Ray Diffraction analysis of crystal structures and transition temperatures.
The investigator was fortunate to have a proposal accepted by The High Temperature Materials Laboratory (HTML) at Oak Ridge National Laboratories to use their high temperature XRay Diffraction equipment to determine the crystal structure and transition temperatures of pure and doped cerium carbides and lanthanum carbides. Room temperature X-Ray Diffraction was also run on pure and doped aluminum carbides. Three weeks have been spent making these runs, and
another week is planned in January of 1996. The results of these runs are ongoing and voluminous, but will briefly be summarized here.
' \ X-Ray Diffraction Patterns confirm that cerium dicarbide transforms to the fluorite prototype crystal structure in a very sluggish transition in the temperature range of 1350-14OOC. There is a potential problem of resolving the difference between the complex ion carbon-12
hydrogen-1 ( Similarly, an ion of charge -1, and two carbon-13 atoms can be detected. The presence of the percentage of these doublets can be calibrated to the carbon content of the sample.
In June of 1996, The SIMS instrument at MCNC successfully analysed the carbon-12 versus carbon-13 content of two samples of cerium-erbium dicarbide. Sample #1 was a 25 atomic % cerium, 25 atomic % erbium, 50 atomic % carbon-13 material with the stoichiometric designation Ce .5 Er .5 c 2-Sample #1 was a ingot approximately 1Omm in diameter and 4 mtn high, cast in the arc melt furnace, that after casting had had a 5mm in diameter flat surface ground onto the top of the sample. The grinding of the sample was done in an argon gas atmosphere within a glove box.
The grinding appartaus was a 18,000 rpm minature milling machine with an alumina (A1203) grinding tool. Alumina was selected for the grinding tool (over Sic, WC or diamond impegnated matrix) because the alumina could not contaminate the surface of the sample with any carbon-12 atoms.
The flat, ground surface of Sample #1 was then arc-evaporation coated with a 3 micron deep coating of natural carbon (98.9 atomic % carbon-12 and 1.1 atomic % carbon-13). The coating was done in a Pelco Model 100 Arc-Evaporation Unit in an argon atmosphere of 10 millibar.
Arc-evaporation carbon coating was selected after earlier trials with RJ? sputtering of carbon onto carbide samples showed that the sputtering process was long ( 14 hours to deposit 70,000
angstroms of carbon) and that the sputtered carbon coating did not have good adhesion. The Arcevaporation carbon-coating had good adhesion and was quick (30 minutes coating time).
Sample #2 was identical to Sample #1, including the natural carbon coating, e x q t that Sample #2 was annealled in a vacuum furna& pressure of 2 microns of mercury for one hour at a temperature of 934 Centigrade.
Both Samples #1 and #2 were analysed by SIMS at the Microelectronics Center of North Carolina. The primary ion beam was cesium, the acceleration voltage was 7 kilovolts and the ion current was 685 nano-amps. After analysis, the craters produced by the ion sputtering beam where measured in a Scanning Electron Microscope. These voltage and amp setting where found to have produced a crater formation rate of 1300 angstroms per minute. Figure 8 is a SIMS profile plot of ion counts versus time for Sample #1, the control ingot that was not annealled. Figure 9 is a similar plot for Sample a, the annealled ingot. In both plots traces are seen for carbon-12 (marked "12") carbon-13 (marked "13", etc) the doublet of carbon-12 ( "24") and the doublet of carbon-13. Traces are also present for Cerium-140, Erbium-166 and Tungsten-184.
The effect of the rapid diffusion of carbon-12 into the samples is readily apparant if one contrasts Figure 8 with Figure 9 . If one models this diffusion as the case where a thick tracer coating is allowed to diffuse into an semi-infinite solid, the appropriate equation, as given by Shewman 29 , is:
Concentration (x,t ) = ( C' 12) [ These sample ingots will be made in the arc melt furnace and sub-divided so that each can be both
x-rayed to determine the crystal structure of the mixture, and chemically analysed to determine the actual elemental composition resulting after arc melting.
2. After casting these 3 samples will be split into four sub-samples each.
3. One sub-sample will be sent off for chemical analysis to c o n f m elemental content.
4. The second sub-sample will be analyzed by high temperature x-ray diffraction at the facilities of the High Temperature Materials Laboratory at Oak Ridge. 
5.
The third sub-sample will be re-melted to form at circular pellet suitable for arc-evaporation coating with a carbon layer that will consist of 80 mole % carbon-13 isotope and 20 mole % carbon-12 isotope.
These Arc-Evaporated coated sub-samples will be annealed at 900,1200 and 1500 C under a partial pressure of argon.
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